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In this study we report a method for direct vapor generation of mercury species on nano TiO2
under UV irradiation in the presence of a formic acid and sodium formate mixture as a hole
scavenger. A novelly designed UV/TiO2 photocatalysis reaction device (UV/TiO2 PCRD) was
used as an effective sample introduction unit and an interface for mercury species determination
by atomic fluorescence spectrometry (AFS) and speciation by HPLC-AFS for the first time. The
detection limits of 10, 20, 30 and 70 pg mL1 of mercury chloride, methylmercury chloride,
ethylmercury chloride and phenylmercury chloride, respectively, were achieved by AFS using flow
injection mode. Compared with the traditional KBH4/NaOH-HCl system, UV/TiO2 PCRD is a
superior alternative for online vapor generation of Hg species.
Introduction
Information concerning the concentration of trace elements,
especially during speciation analysis, has increasing signifi-
cance in terms of elucidating their corresponding environmen-
tal behavior and biological functions. Chemical vapour
generation (CVG) acts as an effective sample introduction
method for specific trace element determination using atomic
spectrometry, easily achieving simultaneously matrix separa-
tion and greatly improved detection power. Mercury (Hg), a
typical toxic and vapour generating element, can be effectively
converted from its existing species into the so-called cold
vapour state (Hg0) by reductants, such as hydroborate and/
or SnCl2,
1 and a low molecular weight acid (LMWA) under
UV irradiation,2 and can then swept by argon gas through a
gas–liquid separator into an atomic fluorescence spectrometer
(AFS) for determination.3–5 The hypothesis behind the process
is that electrons transfer from atomic hydrogen and/or hydro-
boron intermediates or LMWA radicals, generated from the
precursors, to Hg species.1,6,7 Here, we report an attractive
alternative to obtain active electrons for online reduction of
Hg species into Hg0, allowing a sensitive determination and
speciation of Hg species in environmental and biological
samples by AFS and HPLC-AFS, in which nano titanium
dioxide (TiO2) stabilized on the surface of a glass fibre was
utilized to offer active electrons under UV irradiation, while
formic acid (HCOOH)–sodium formate (HCOONa) buffer
served as a hole scavenger.
When the size of a TiO2 particle reaches nanometre levels,
the successive energy bands may separate into valence bands
(VB) and conduction bands (CB). If the particle is illuminated
by a light with a wavelength shorter than 387 nm, in other
words, the energy of the light is higher than the energy gap
(normally 3.2 eV) between the CB and VB,8 an electron (e)
will be photogenerated and excitated from VB to CB, while a
positive hole (h+) is simultaneously generated at VB as shown
in Fig. 1a. Utilizing the active h+ or e to oxidize organic
pollutants or reduce heavy metal ions for degradation or the
removal of pollutants from the environment has been re-
ported.9–12 However, the time for the oxidization and/or
reduction is too long to be used for analytical purposes.
Sophisticated experimental designs are obviously needed to
accelerate the efficiency and the speed of oxidation and/or
reduction of target analytes. The energy gap increases as the
size of the nano TiO2 particle decreases due to the quantum
size effect, resulting in a greater reductive ability of the e at
CB; moreover, the distance needed for the generated e at CB
and h+ at VB to move from the bulk to the surface is greatly
shortened, remarkably reducing the probability of recombina-
tion of the generated e/h+ pairs in the bulk, and resulting in
more generated e and h+ migrating to the surface of the nano
TiO2 particle. Furthermore, when an h
+ scavenger is added in
a reaction medium to prohibit the generated e/h+ pair from
rapid recombination, the remaining free e may serve as a
reductant to reduce target analytes adsorbed on the surface of
the nano TiO2. Such a property has recently been applied to
the reduction of hexa-valance selenium (Se), prior to its
hydride generation, by sodium tetrahydroborate and/or by
flowing through an electrical flow-cell, as well as direct vapour
generation of inorganic Se species for Se speciation analysis in
our and Sun’s research groups.13–15 Considering the strong
reductive ability of e at CB (the reduction potential is 0.3 V
at pH 0),16 Hg2+ can be spontaneously reduced to Hg0
(j0
Hg2 þ=Hg0
¼ 0:85 V). Direct photocatalysis vapor generation
of Hg species on nano TiO2 under UV irradiation, followed by
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on-line AFS determination, is now proposed in this study for
the first time, to our knowledge.
Experimental
Nano TiO2 film stabilized on the surface of a glass fibre of
0.3 mm O.D. was prepared by dipping the glass fibre into and
pulling it out of a sol prepared by conventional sol-gel
methods using butyl titanate and ethanol (pH 3.5, adjusted
by diluted HNO3), and drying at 80 1C for 30 minutes in an
electric stove and then calcining at a gradually increasing
temperature (1.5 1C min1 to 450 1C) before keeping constant
for 1 hour.13 About 6 nm anatase TiO2 was obtained in the
film (Fig. S1, ESIw). Such a nano TiO2 modified glass fibre was
inserted and fixed centrally into a quartz capillary 150 mm in
length  0.8 mm I.D. and irradiated by a 40 W low pressure
Hg lamp of 130 mm in length  25 mm O.D. so as to get the
UV/TiO2 photocatalysis reaction device (UV/TiO2 PCRD)
(schematically shown in Fig. 1b). Sample solution and HPLC
effluent can flow through the space between the glass fibre and
the wall of the capillary for online reduction of Hg species. Hg
determination was performed on a non-dispersive atomic
fluorescence spectrometer (Beijing Rayleigh Analytical Instru-
ment Corporation) equipped with a high performance Hg
hollow cathode lamp (253.7 nm, Beijing Institute of Vacuum
Electronics Research, China).5 All reagents used were at least
of analytical agent grade and 18 MOMilli-Q water (Millipore,
Bedford, MA, US) was used throughout this study. Mercury
chloride was obtained from Shanghai Chemicals, and methyl-
mercury chloride (MMC), ethylmercury chloride (EMC) and
phenylmercury chloride (PMC) were purchased from
Dr Ehrenstorfer GmbH. All Hg species separations were
performed on a Shim-Pack VP-ODS column (150  4.6 mm
I.D.) using a mixture of acetonitrile and water (65 : 35)
containing 1.5 mmol L1 ammonium pyrrolidine dithiocarba-
mate (APDC) (pH 5.5 buffered by acetic acid–ammonium
acetate) as a mobile phase17 performed on a Shimadzu LC-
2010A (Kyoto, Japan). Lake sediment and seafood samples
were pretreated as described previously18,19 before HPLC-
(UV/TiO2 PCRD)-AFS. Briefly, for seafood samples, 3 mL
of 5 mol L1 hydrochloric acid was added to 0.2 g of the
certified reference material BCR 463 (tuna fish) or 1.0 g of real
sample in a centrifuge tube. Then the mixture was placed in an
ultrasonic bath for about 10 min. After extraction, the suspen-
sion was centrifuged at 3500 rpm for 10 min, and the super-
natant was added to another centrifuge tube. The residue was
extracted again as described above. The two supernatant
portions were combined, neutralized with 10 mol L1 NaOH,
and then diluted to volume with pure water (pH 2.0–5.0), and
finally filtered through a 0.45 mm filter and injected directly
into the HPLC-(UV/TiO2 PCRD)-AFS system for speciation
analysis. For sediment samples, briefly, 1.0 g sediment sample
and 25% (m/v) KOH (in methanol) were added in each 50 mL
centrifuge tube. This mixture was sonicated and shaken me-
chanically and then CH2Cl2 and concentrated HCl were added
to the tube in sequence, shaking to extract organic mercury
into the CH2Cl2 phase, while the inorganic Hg remained in the
water phase. After centrifuging at 3500 rpm for about 10 min,
the CH2Cl2 phase was transferred into a 7 mL centrifuge tube.
1 mL of 10 mM sodium thiosulfate solution was added for
stripping organic Hg species by vigorously shaking for 45 min.
After filtering through a 0.45 mm filter, the water phase was
injected directly into the (UV/TiO2 PCRD)-AFS system for
speciation analysis.
Results and discussion
Performance of UV/TiO2 PCRD-AFS
As shown in Fig. 1b, the effectiveness of the designed UV/TiO2
PCRD for online reduction of Hg species was demonstrated
by a flow injection system with AFS detection. Based on the
above discussion, the h+ scavenger used plays a key role in
obtaining free e. Therefore, 0.1% (m/v) b-cyclodextrin and
0.5 mol L1 of glycerol, oxalic acid, hydroquinone, tartaric
acid, potassium sodium tartrate and formic acid–sodium
formate (HCOOH–HCOONa) were used, individually, as
h+ scavengers at a flow rate of 2.5 mL min1. Results
obtained (Fig. S2, ESIw) indicated that HCOOH–HCOONa
is the most effective h+ scavenger, followed in order by
potassium sodium tartrate 4 hydroquinone 4 tartaric acid
4 oxalic acid 4 glycerol B b-cyclodextrin, in the case of
Hg2+, MMC and EMC. It should be noted that the atomic
fluorescent signals for Hg species could still be detected when
no organic electron donors (scavengers) other than H2O were
in the reaction medium. This could be explained because H2O
can also be oxidized by the h+ (its redox potential is 2.9 V at
pH 0).16 Compared with H2O (j0O2=H2O ¼ 1:23V) HCOOH–
HCOONa, for example, is much more effective in scavenging




moreover, the acidity of the HCOOH–HCOONa used is pH
3.1, resulting in HCOOH being the main form existing
(80.8%). It has a stronger tendency to adsorb onto the TiO2
surface,20 leading to HCOOH not only being an effective h+
scavenger but also effective in preventing O2, which is a very
strong e acceptor (j0O2=H2O2 ¼ 0:68V), from forming due to
the possible oxidization of H2O in the reaction medium.
Investigation of the effects of the concentrations of HCOOH
Fig. 1 Schematic diagram of (a) reduction of Hg species on nanoTiO2
particle; (b) UV/TiO2 PCRD; and (c) HPLC-(UV/TiO2 PCRD)-AFS.




















































and HCOONa on the vapour generation efficiency of Hg
species indicated that 2.7 M HCOOH and 1.5 M HCOONa
mixed solution is optimum for all the Hg species studied. The
signal intensity of Hg species increases along with the increase
of exposure time from 1 s to 4 s, but reaches a plateau after 4 s,
indicating that the cold vapor generation of Hg species is fast.
A comparison of this proposed UV/TiO2 PCRD with the most
frequently used KBH4/NaOH–HCl system for the vapour
generation of Hg species,1,3–5,21 followed by AFS detection,
is shown in Fig. 2, indicating that the atomic fluorescent signal
intensity of 100 ng mL1 MMC has been improved more than
3 times, and that of Hg2+ more than 1.3 times, and the relative
vapor generation efficiencies of Hg2+ and MMC were 138 and
352%, respectively. The resulting detection limits (3s) of
Hg2+, MMC, EMC and PMC were 10, 20, 30 and 70 pg
mL1, respectively. Obviously, UV/TiO2 PCRD is more effec-
tive on the vapour generation of Hg species without obvious
species discrimination. This phenomenon might be explained
by the fact that the bond between carbon and Hg in organic
Hg species could be broken under UV irradiation, which
would lead to the organic Hg species being reduced as easily
as Hg2+. Furthermore, the fluorescent signals of Hg2+ and
MMC have also been observed when only UV irradiation was
employed in the presence of HCOOH–HCOONa, although
the signal intensities were relatively low (dot line in Fig. 2).
This was also observed by Sturgeon et al.2 and Hou et al.22
Usually, conventional hydroborate CVG media suffer ser-
ious interferences from many coexisting elements,1,23–27 and
can be remarkably avoided or reduced by sophisticated opti-
mization of experimental conditions.28 The interference ex-
periments with foreign ions were done under the optimum
conditions in this study to clarify the tolerance of the proposed
UV/TiO2 PCRD. Results listed in Table 1 indicated that the
recoveries of Hg2+ are from 63.0 to 120%. Most anions tested
do not interfere with the vapour generation of Hg2+, except
that I (recovery of Hg2+, 82.4%) and SO4
2 (81.7%) slightly
suppresses the signal. Most cations tested, for example, Fe(III),
Ni(II) and Cu(II), at the concentrations added, do not interfere
in the vapour generation of Hg2+. Conversely, the existence of
Ba(II) (108%), Co(II) (112%), In(III) (115%) and Sc(III) (120%)
show enhancement effects, while Te(VI) (63.0%) seriously
suppresses the Hg2+ signal.
The stability of nano TiO2 film modified on the surface of
the glass fibre used was tested by 11 replicate sample injections
of Hg species during one experiment and after the nano TiO2
modified glass fibre was used for more than one year, the
relative standard deviation (RSD) of the obtained AFS signal
intensities of same concentration of all the Hg species studied
was less than 3% and 6%, respectively. Moreover, the signal
Fig. 2 Comparison of UV/TiO2 PCRD with KBH4/NaOH–HCl
system for the vapour generation efficiency of Hg2+ and MMC. The
concentrations of Hg2+ and MMC are 5 ng each, respectively. Solid
line: UV/TiO2 PCRD-HCOOH–HCOONa; dash line: KBH4/NaOH–
HCl; dot line: UV-HCOOH–HCOONa; dash dot line: UV/TiO2
PCRD-H2O.


















Cl 1000 98.0 20% m/v 25 23
Br 1000 95.2
I 1000 82.4 100 ng mL1 55 24
NO2














Cu(II) 0.5 103 100 mg L1 NSId 28
Fe(II) 1000 105 100 mg L1 NSId 28





Ni(II) 10 93.5 100 mg L1 NSId 28
Pb(II) 10 87.9 100 mg L1 NSId 28
Sb(V) 10 104
Sc(III) 10 120




Zn(II) 10 93.3 A mixture of
Ag, Al, B, Bi,
Ca, Cd, Co, Cr,
Cu, Fe, Ga, In,
K, Li, Mg, Mn,
Na, Ni, Pb,
Sr, Tl and Zn of
50 mg mL1 each
13 27
a 20 mL 100 ng mL1 Hg2+ was used. b Concentration added
(mg mL1). c Recovery of Hg2+ (%), the RSD of 5 replicate runs
was less than 3%. d NSI denotes not significant interference.




















































intensity of Hg species did not fluctuate, even after dipping the
glass fibre into aqua regia for 24 hours, indicating that the
nano TiO2 film on the glass fibre was sufficient stable for
analytical purposes.
Hg speciation by HPLC-(UV/TiO2 PCRD)-AFS
UV/TiO2 PCRD was used as an interface to couple HPLC and
AFS for Hg speciation (Fig. 1c). It should be mentioned that
acetonitrile and APDC in the mobile phase slightly influenced
the vapour generation of Hg species, resulting, respectively, in
4.3 and 14.6% decreases for Hg2+, and 3.6 and 9.8% for
MMC. A typical chromatogram of an Hg2+, MMC, EMC
and PMC mixed solution of 5 ng each is shown in Fig. 3a.
BCR standard reference materials 463 (tuna fish) and 580
(estuarine sediment) were used for method validation. Results
determined for total Hg andMMC are well in accordance with
the certified values (Table 2). Moreover, the proposed HPLC-
(UV/TiO2 PCRD)-AFS system was applied to Hg speciation
of a polluted lake sediment and seafood samples (Ostrea titan,
Haliotis diversicolor and Venerupis variegate) collected on
Xiamen Island and from the coast of the Island, in the
south-eastern part of China, showing that both Hg2+ and
MMC contamination could be found in the samples (Table 2
and Fig. 3c–e).
In summary, electrons at CB generated by UV light (253.7
nm) irradiation on the surface of nano TiO2, which was
stabilized on the surface of a glass fibre in the novelly designed
UV/TiO2 PCRD, have the reducing ability for the vapour
generation of Hg species. UV/TiO2 PCRD can be used not
only as a sample introduction unit for Hg determination by
AFS, but also as an online interface between HPLC and AFS
for Hg speciation. Compared with the most frequently used
KBH4/NaOH–HCl system, UV/TiO2 PCRD is obviously a
superior alternative for the vapour generation of Hg species.
Furthermore, it should be expected that the redox ability of
UV/TiO2 PCRD will find applications in elemental determina-
tion and speciation, as well as metallomics studies,29,30 when
reduction and/or oxidation pretreatment is required before
various spectroscopic determinations, after suitable modi-
fications.
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